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1. Introduction

Many space experiments and applications imvolve
plasma beam cmssions.  Yor instance, electron and
ion beam expertiments have been conducted to study
study beam-plasma interactions, ncutralization pro
cesses, spacecraft charging and discharge, ete This pa-
per is concerned with the physics of ion beam emissions
from spacecrafi to alow density space plasma. The
cmphasis is on space charge effects.

Most ion bea i devices tc)-date arc shnilar to ion
thrusters (secFigure ). Inanionthruster, theions arc
accclerated electrostatically by a biased grid to form a
high velocity beam, typiically in the keV energy range.
When anion t hruster is used for propulsion purpose,
the 1on beam is neutralized by electrons emitted from
the neutralizer. Hence, the beamn flow is quasincutral.
When anion thruster is used for ionbeatn experiments,
the neutralizer is turned off. If bean current density
far exceeds that of the space plasma, the beam flow
beconies a space charge flow,

The properties of aspace charge flow was first stud-
ied for high current density beams between two plane
clectrodes (1.c. diodes, first studied by Chadd[1911]). 1t
is inst ructive 10 review the classical diode thcory. 111 &
diode, achargedparticle beam is emitted from an elec-
trode towards another clectrode in a vacuum tube. The
physics of beam flow in a diode was presented in the
classical theorics of Salzbergand HacefJ[1938]and Fay et
al.[1938]. Consider an ion beam flow from a cathode
towards ananode. At low currentdensity, the potential
profile along the charge flow is monotonic. When the
current density increases, so is the importance of the
space charge. For the special case of zeromitial flow
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velocity, the current density is limited by Child’s law,
In this case, the space charge prohibits further increase
in current density, and the potential profile is always
monotonic. For nonzero initial velocity in space charge
flows, thepoteutial profile can become non-monotonic
wit h a potential huinp appears in between the two elee-
trodes. At sufficiently large current density, the po-
tential hutp may becorne so high that the kincticen -
crgy of the flowing charge is zero at the hump  When
this happens, some charges go backwards and sorne for-
wards. As a result, only part of the cinitting current
can be transmitted while the rest is reflected backwards.
Therefore, this potential huinp behaves as a virtual elee-
trode. This behavior has been confirmed in diode tubes.

Lat et al. {1979,1989] suggested that this behavior may
also occur inbeam emissions in space.  Por 1ou beam
emissions i space, since the spacecraft is cliarged nega-
tively withresp ect 10 the ambient the spacecraft serves
as a cathode and the ambient serves as an anode. Lai et
al.[1979] studied the currc]Jt-voltage characteristics dur-
ing positive ion beam emissions 011 the SCATHA satel-
lite. They found at ow currents, the amplitude of the
(negative) spacecraflt potential increased. The potential
amplitude peaked at an intermedia te current. When the
current is increased further, the potential dropped to a
low value. Il ence, it was postulatedthat a virtual anode
may have formed in front of the beam device blocking,
partly the beam transmission. Some features of virtual
an ode inion beamns have also been disc ussed by S tan-
nard et 0/.[1981].

However, ion beam emission in space is far more com-
plex than the classical diode problem. Forinstance, in
diodes, theelectrodes arc at fixed locations and poten-
tials, and the beam flow is esscntially a 1-dimension
problem. While for ion beam emission in space, both
the spacecraft potential and the location where the po-



tential inside the beawm approaches the ambient poten-
tial are variables, aud the problem is inherently a 3-
dimensional one where beamn divergence duc to space
charge effect and the potential sheath profile play an -
portant role. It is obvious that the resulting interaction
cannot be treated adequately by the classical theory of
space charge flow.

In this paper we apply three-dime nsional particle sin -
ulations to study the problem of ion beam emissions in
space and exannine the virtual anode concept for 3-1D
space charge flow. A 1-1) analytical theory of space
charge flow 1s first presentedin Section 2.3-1) particle
simulation results arc discussed inScctiond. Section 4
contains a sunmnary and conclusions.

2.1-D Theory of Space Charge Flow

We first discuss theone-dimensional theory of space
charge flow of anionbeam. Consider the siluation
illustrated inl%g.2a: anijon beamn is cmitted from a
plane clectrode at 2 = 0 and reccived by a plane elee-
trode at x = L. 'J‘hc inmtial beam particle kinetic en-
crgy is ¢®oro = ?mvo, and the ciitting current density
Jozengvg. We take the potential at the two ends to
be®(z: 0) =&, andP(x=1L): 0. Thesolution to
this problem follows the classical theory first presented

by Fay et al[1938].

The governing cquations arc the Poisson’s equation,
current conlinuity, and cnergy conservation equation:
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Hence, the ion beamis transmitted only when dy0- ¢ >
0. The diflerential equation for the space charge flow
problem is
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One fanily of the solutionsto eq(5) is for a monotonic
potential profile $(2). For instance, consider the case
b, > () anduyy = () (i e. $p0:P,and d¥/dr -0 at .

r = 0). we have
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This is the well-kllowll Child-Langmuir |, of space
charge limited current in a plane diode.

A 1ore general solutions to eq(9) is for a nonmono
tonic potential profile, where the potential t akes a nax-
wnum at ¥ = 2,,, ¥, ) = ¢ > 0. Letus glcﬁnc the
following dimensionless variables: 2z /L, &= d/dyq,

and Jo : Ja/Jde, where
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i s the space charge limit current for a pot ential $ro-
Ther, eq(4) is rewritten as
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Since d® /dx has a diflerent sign oncachside of x,,, we
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From eq(14), one finds
0< &, <05 &, >0
05<dn<l1, &, <0
0.

. = 0.5 for the special case $ =

In the lintting casc 1- &, = 0 (ie. @y = 50 vg -4 dy),
the 1on beamn comes to a halt at z,,, v(zy) = 0. In
this case, somne 1ons may be reflected back at 2y, while
others arc accelerated away in the x direction. Let f
be the fraction of Jg that is transmitted through this
potential barrier. Then, the beam number density is
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Note f is determnined self-cc)llsistt,llitly by the space-
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charge current limit stated inthe above two cquations.
The maximum current that can be transmitted to z = L
is fJo:Jcregardless of the cmitting current. There

fore, whenthe emitling current Jo > J¢, the potential
hump @, serves as a virtual anode Hence, J, repre-
sents a critical current density.

Now we consider an ion beam cmitted into a low deu-
sity ambient plasina, as illustrated in Fig. 2b. For this
situation, the right side boundary condition becol nes

ded

P(o0) == 0, -

dr (c0)= 0

If there were a positive potential humyp, the electrons
would tove in to neut ralize the excess ion space charge.
However, since the electron current Je is limited by the
ambient conditions, a uonmonotonic potential profile
can still exist for strong iorr beam cmissions. lLet us
the divide the domain into a region 1, 2 < 24, £, and a
region 11, Zing < 2 < 00. Ting is the inflection point
where the net charge is zero. There is a netion charge
surplus in region 1 (d?®/da? < 0) and a uet clectron
charge surplus irr region 11 (d?®/dz? < ().

If oneknew Ting rr priors, the analysis for anionbeam
between two plane clectrodes earl be applied inregion
I.The critical current density J. is given by
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However,in order to determine Tings one needs Lo re-
solve the detailed interactions between the ton beam
and the ammbient plasma. In addition, the beam diver-
genee due to space charge effect may make the 1-1) as.
sumption unacceptable. Therefore, we shall attack the
problem through particle sirnulations.

3. 3-D Particle Simulatious

We have developed a set of Darticle-irl-cell (PPI1C) arid
l,articlc-ir,-cell with Monute Carlo collision (P1C- MCC)
codes forionthruster plasina interactions [Wang and
Brophy,1995¢; Wang et al,1996b], active space plasma
experiments [ Wang et al,1996a), and other larger scale
plasina sitnulations [ Wang et al, 1995a;1995b] A full par-
ticle electrostatic Y’1C code is applicdin this study. A
typical sumulation sctup is shown i Fig.3. The space-
craft is mmodeled as a 3 dimensionalbox structure with
a conducting surface and a surface potential @, rela -
tive to theambient. Anion bean is injected to the low
desnity ambient plasma in the x direction.

As discussed intheintroduction, the problem stud-
ied here is diflerent from a typical ion thruster prob-
lem where the beam flow is quasineutral. For compar-
ison, we first present a typical simulation result for an
ion thruster [ Wang ¢t al 1996b). Fig.4 shows t he po
tent ial contonrs and beam particle positions on a x-y
plane cutting through the center of the thruster. In
this case, the beam is quasi peutral and the spacecraft
potential is much less that the kinctic ciiergy of heam
ions, [@,] << Pero. Hence, the beam ions are not in-
fluenced by the potential field. The structure of thepo
tential field is dominated by the disturbance from the

high density 1on beamn. Since the electrons are much



more mobile than jons, the beam center has a higher
potential.

We now simmulate jon beam erissions with the neu-
tralizer off. ‘The sitnulation follows both the beamions
and the ambient clectrons and ions. The sitmulation
domain is initially loaded with ambient particles. The
beam particles are injected into the simulation domnain
from the thruster exit at every time step.

We take the ambient plasina density neo ~ 5 x 10°
and ambient plasina temperature 7¢ = 7 ~ 1eV. This
is similarto a typical low arth orbit environment. The
ambient Debye lenig ADoo ~ lem. We consider an ion
beam with an initial kinetic energy Poko = 1000eV. We
consider three beam current densities, as summarized
in ‘Table 1. The ambient ion current density is charac-
terized by Jico = €neeCs , where Cs = \/’J}/m.'. Hence
the beam current densities considered arc inthe range
of JygJico ~ 107 - 10%.

Since our emphasis is on the nearfield space charge
effects, we set the siimulation domain to be the dow ).
stream region of the beamn emitting surface (includ-
ing the thruster). The nmnber o f grid points used
is 66x 33 x33. The grid resolution is taken to be
deet Ao =~ The spacecraft surface is at
# = 0.5. Other boundaries of the simulation domain
represent the ambient where ambient electrons and ions
arc injected into the domain accord jhg (o their theral
flux. The thruster body is located at 0.5 < & < 2.5,
11 < 4y <23, and 11 <2< 23. The ion beam exit cen-
tcer is locate{] at2:2.5,y: 17, and 2 = 17, and the
beam radius is v, = (i. We consider a high spacecrafl
potential, ¢, = - 250V, and a low spacccraft poteutial,
d, - HOV.

lcin.

Thesimulationvariables arc normalized as follow’ s:
t s twpe, # =2/ Apoo, ¥ = v/(deeuwpe ) = v/vge, @ -
$/T,, arid itz 1 /ns, An artificial ion to mass ratio
mi/me = 100 is used. Hence,the normalized initial
beam velocity g = \/(,',,f/y,,..)(q)’;;/’]":) = tie. The
nunber of test particles used is intherange of 1.5 x 10°.

In Fig.5 though Fig.1 0, we show shimulation results
on a xy plane cutting through the thruster center at
27 Zhruster = 22 (the “center xy plane”). Results for
case A 1(Jpo ~ 63.3) arc shownin Figures Hand 6. Un-
like the situation showninFig.4, the potential structure
iu this case is clearly dominated by theshecathdue to
the surface potential. However, the sheath thickness is
cont racted within the beam region due to high beam
density. The ambient electrons arc repelled towards far
right side by the negative surface potential. The ion
beam space charge causes thebecamto diverge nearthe
right side of the simulation domainanddraws ambicent

clectron currents into the downstream beamn region. A's
the v, vs. 2 phase space plot shows, the beam velocity
decreases monotonically. The potential alone the dowp-
streain axis of the thruster is plottedinFig.11a, which
shows a familiar monotonic profile for a sheath.

Results for case B1(Jp0 =~ 316.2) are shown ill Figures
7 and8.1n this case, a positive potential hump develops
near the beam exit (4,2 46 al & Zihruster =~ 13). A
population of clectrons are trapped within that. poten-
tial humyp. The v, vs. x phase space plot shows that the
beamn velocity ‘decreases to a Veminal 2 2 15 before ac-
cclerating towards right. The potentialalone the down-
stream axis of thethruster is plottedin Fig.11b, which
shows a nonmonotonic Potentialprofile discussed inthe
last. section. Since @, << Qyq, the beamstill flows
mostly inthe x direction. Due to larger beam density,
the space charge eflects is stronger than thatin case
Al and causcs a larger heam divergence. Although the
1-D theory qualitatively explains the POtential hump,
it is clearly nolonger valid inthis case. FFor a particle
near the beam edge, it's dynamnics is more similar to
that of a particle undergoing orbit-limited motion near
a probe inthe thick-sheath regime. The beam diver-
gence shiclded the effect of the spacecraft potentialand
result in a much thinner sheath. As a result, electrons
move into aregionmuch closer to the spacecraft.

Results for case C1{(Jio ~ 3162.3) are shown in Fig-
ures 9and10.1n this case, a virtual anode hasformed
at 2- Zynruster = 2 The potential alone the downstream
axis of the thruster which is plottedin 18- 11c, exhibits
a potential ¢, ~ Qyg. As the v, VS phase space plot
shows, sotne of the beam particles are accelerated back
towards thebeamexit. A s evident from the J, plot
and jon position plot, the beam has lost its coherent
structure. Theion current seems to originate from the
virtual anode rather than flowing out from the thruster.
Onthe other hand ambient electrons flows towards the
virtual anode. The virtual anode essentially shiclded
out the potential of the spaceeraft.

Since the flow is €O pletely 3-dimension, the 1.1 the-
ory docsnot apply. However, it is still interesting to cal-
culate thel-D critical current density along the thruster
downstream axis. We find the “inflection” point is at
approximately > ~ 8, and thus Zing ~ 5.5. Hence, the
normalized 1-1) critical currentdensily for this casc is
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Clearly, our emitting current density is Jo >> Jeo1b-
However, thereal critical current for a 3-1) situation is
largort‘hanjc_ln because 3 D) effects make it unfavor-
able for the virtual anode.




larger thanJ..;p because 3-1) effects inake it unfavor-
able for the virtual anode.

The results for the ®; =- - B0V cases are sunilar to
that of the ¢, = - 250V cascs. Fig.l 1 also plots the
poiential profile along the thryster downstream axis for
the &, = - 50V. As evident from Iig.  11h, the cf-
fects of ®,is mainly cm thelocation of the potential
hump (Lowering &, moves the potential hump away
from thruster exit). This is in agreement with the 1-
Dresults of eq(14). However, thie conditions for virtual
anode forination is still controlled by the einitting cur-
rent density.

4. Summary and Conclusions

We have developed a 3-1) particle simulation modelto
study ion beam emissions in space. Simulation results
are presented for ion beam einissions into a low density
space plasina under various emitting current densitics
and spacecraft potentials. The results show that a pos-
itive potentialhump or a virtual anode may form near
the exit point of the beam. Similar to the 1-1) space
charge flow in a diode, the follow characteristics sensi -
tively depends on the beamn energy and current density.
However, for ion beam emissions in space, 3-1) heamn di-
vergence due to space charge and interactions between
the bearn ambient plasina make the problem nmeh more
complex. We find that the properties of space charge
flow is mosisensitively controlled theinteractions be-
tween the beamn i o ns and the ambient plasma. The
ambient conditions controls thelocation of the “inflec-
tion” point, thus the critical current density for virtual
anode formation. The self-acljosirrwllt intheplasma
makes the conditions for virtual anode formation less
favorable in ion beam emission in space. Nevertheless,
unlike the situation of ¢lectron beam emnissions where
charge exchange ions can wipe out a nonmonotonic po
tential profile or a virtual cathode{Intrator et al. [1988],
a nonmonotonic potential profile is a stable potential
structure for ion beam emissions. Charge-exclhiange ions
generated during 1on thruster operation will enhience a
positive potential hump near thruster exit,.
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Cases | ®pro/Te ;lbo/;;oo Jo/enwoCy | @ [T, | Tio/Te
Al 103 2 63.25 -250 750
A2 -50 950
Bl 103 10 316.23 -250 750
B2 -00 950
c1 10°% 100 3162.3 -250 750
C2 -50 950

Table 1: Siinulation cases

Figure Captions

Figure 1: lon thruster (Upper). Space charge poten-
tial along the ion beam (Lower).

Figure 2! Illustration of 1-1)mommonotonic potential
profile. a) beam flow between plane electrodes.b) beam
CIISSIOoN to space.

Figure 3. Spacccraft inodel sctup.

Figure 4: Quasincutral flow of ion beamn emission
from an ion thruster. a) potential profile. b) beam
particle positions.

Figure 5: Space charge flow: Case A 1. a) potential
profile. b) beam ton current density. ¢) ambient electron
current density.

Figure 6: Space charge flow: Case A 1. @) ambient
clectron positions. b) beamn ion positions. ¢) beamn ion
v, vs x phase space.

Figure 7: Space charge flow: Case 111. @) potential
profile.b)beamnion current density. c.) ambient elect.rol)
current density.

Figure 8: Space charge flow: Case 111. a) ambient
electron positions. b) beam ion positions. ¢) beam ion
v, vs. 2 phase space.

Figure 9: Space charge flow: Case Cl. a) potential
profile. by beamion current density. ¢) amnbient electron
current density.

Figure 10: Space charge flow: Case Cl. a) ambient
electron positions. b) beam ion positions. ¢) beamnion
v, VS, x phase space.

Figure 1 1: Potential profile along thruster down-
stream axis. a) cases A | and A2. b) cases B1 and
B2. ¢) cases Cland C2.
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